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SaponinsThe purpose of this study was to produce an oil-in-water (O/W) emulsion of d-tocotrienol-rich oil
obtained from annatto seeds by a supercritical ﬂuid extraction process. The effects of emulsiﬁcation by
ultrasound (US) were evaluated and compared to emulsiﬁcation by dispax reactor (DR) at similar energy
densities. Saponin-rich extract from Brazilian ginseng roots (BGR) was obtained from BGR by pressurized
liquid extraction and used as a biosurfactant. A model O/W emulsion system was prepared with soybean
oil and commercial saponin. The inﬂuence of the emulsiﬁcation process, energy density, oil type, biosur-
factant type and biosurfactant concentration on the size and stability of the resulting droplets was exam-
ined through the experimental design and proper statistical analysis. The results showed that US
produced more stable emulsion with smaller droplet sizes in comparison with the DR device at the same
energy density. In general, increasing the energy density helped to reduce the emulsion droplet size. The
minimum average droplet size observed in the mini-emulsions was 0.35 lm. The data show that both
biosurfactants were capable of forming emulsions containing relatively small droplets (<0.83 lm) and
were rather stable (96–99%), with some creaming. The emulsion droplets also showed a surface potential
of approximately 49 mV because of the adsorbed biosurfactants, which minimized the ﬂocculation of
the oil droplets. These results indicate that BGR-extracted saponin might be an attractive biosurfactant
choice for emulsion formulations for use in food and beverage products.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Food industries have focused on nutritive and healthy food
products that meet consumer demand for a healthy lifestyle, which
are intended to prevent nutrition-related diseases in consumers
(Menrad, 2003). Annatto (Bixaorellana L.) seeds contain carotenoid
pigments, which are the most commonly used colorants in food
processing, for example in coloring butter, cheese, ice cream, bak-
ery products and edible oils (Smith, 2006). Moreover, the lipid frac-
tion of these seeds is rich in tocotrienol, which health beneﬁts are
very interesting for the food industry. Tocotrienols, which are
related to the tocopherol family, have received a large amount of
attention recently for their important biological activities, espe-
cially for inhibiting tumor development and reducing the risk of
cardiovascular disease (Sylvester and Theriault, 2003). Aggarwal
et al. (2010) published an excellent review paper about tocotrienol
effects on cancer, bone resorption, diabetes, and cardiovascular and
neurological diseases at both preclinical and clinical levels.Tocotrienols consist of a chromanol ring linked to a 15-carbon
tail, with three trans double bonds. These compounds are made
of a group of four amphipathic molecules (a-, b-, c- and d-) that
differ in the number and position of methyl groups on the chro-
manol rings (Aggarwal et al., 2010; Schauss et al., 2013).
Tocotrienols are present in only a very small number of plants
and are especially abundant in rice bran, palm oil and annatto
seeds, for which the ratio of tocopherol-to-tocotrienol in each is
50:50, 25:75 and 0.1:99.9, respectively. Tocotrienol-containing
products can be a considerable source of vitamin E when con-
sumed. Annatto seeds are described by Tan (2011) as the richest
source of the most potent tocotrienol, that is, d-tocotrienol.
Tocopherol interferes with tocotrienol beneﬁts. Annatto stands
out as a superior tocotrienol source because of its unique composi-
tion of 90% d-tocotrienol and 10% c-tocotrienol, without any toco-
pherols (Schauss et al., 2013).
By focusing on an increase in the high added value of
d-tocotrienol-rich extracts, which were obtained by using the
supercritical ﬂuid extraction process, a nonpuriﬁed aqueous
extract from Brazilian ginseng roots (BGR) (Pfafﬁa glomerata) was
used as a biosurfactant in the emulsiﬁcation process. This extract
Table 1
The experimental conditions for the emulsiﬁcation experiments.
Experiment Process Oil Biosurfactant Biosurfactant concentration (%) Energy density (J mL1)
1 DRa Soybean Commercialc 1.5 1200
2 USb Soybean BGRd 1.5 600
3 DR Annatto Commercial 1.5 1200
4 DR Annatto BGR 3.0 600
5 US Soybean Commercial 1.5 600
6 US Soybean Commercial 3.0 1200
7 DR Soybean BGR 3.0 1200
8 US Annatto Commercial 3.0 600
9 DR Soybean BGR 1.5 1200
10 US Soybean Commercial 1.5 1200
11 US Soybean BGR 3.0 1200
12 US Annatto Commercial 1.5 1200
13 DR Soybean BGR 3.0 600
14 DR Soybean Commercial 1.5 600
15 US Annatto BGR 1.5 1200
16 DR Annatto Commercial 1.5 600
17 US Annatto BGR 3.0 1200
18 DR Annatto BGR 1.5 1200
19 US Annatto Commercial 1.5 600
20 US Soybean BGR 1.5 1200
21 US Annatto Commercial 3.0 1200
22 DR Soybean Commercial 3.0 1200
23 DR Soybean Commercial 3.0 600
24 DR Annatto Commercial 3.0 600
25 DR Soybean BGR 1.5 600
26 US Soybean BGR 3.0 600
27 US Annatto BGR 1.5 600
28 DR Annatto BGR 3.0 1200
29 DR Annatto Commercial 3.0 1200
30 US Annatto BGR 3.0 600
31 DR Annatto BGR 1.5 600
32 US Soybean Commercial 3.0 600
a Dispax reactor.
b Ultrasound.
c Commercial saponin.
d Saponin-rich extract from Brazilian ginseng roots.
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additive for its amphiphilic properties (Mitra and Dungan, 2000).
Saponins are predominantly made of glycosides that possess
one, two or three sugar chains attached to the aglycones, also
called sapogenins, which are the nonpolar parts of the molecule
(Oleszek and Hamed, 2010). The presence of hydrophobic and
hydrophilic areas (the aglycone and sugar resides) in the saponin
molecules account for the ability of this compound to reduce sur-
face tension at phase boundaries (Mironenko et al., 2010). These
compounds have been used in foods as natural surfactants; they
serve as preservatives to control the microbial spoilage of food.
Because of consumer preferences for natural substance, saponins
have more recently been used as a natural small molecule surfac-
tant in beverage emulsions to replace synthetic surfactants such as
polysorbates (Cheok et al., 2014).
There are a number of mechanisms available to produce emul-
sions. According to the literature, ultraﬁne emulsions can be pre-
pared by high- and low-energy emulsiﬁcation methods (Silva
et al., 2015; Yang et al., 2012). Emulsiﬁcation is a process in which
a system is made from two immiscible liquids (usually oil and
water), one of which is dispersed as small droplets within the other
(Chandrapala et al., 2012). The high-energy methods employ
mechanical or ultrasound devices that generate shearing (rotor–
stator) or pressure differences (a high-pressure homogenizer or
power ultrasound) to decompose the emulsion structures
(Spinelli et al., 2010). Anyway, the reduction of the droplet size
makes emulsions more stable.
The objective of the present work was to generate food grade
oil-in-water (O/W) emulsions through mechanical stirring by the
dispax reactor (DR) or power ultrasound (US), with particular
emphasis on identifying equipment-related constraints. A modelO/W emulsion systemwas prepared with soybean oil and commer-
cial saponin as biosurfactant. The best conditions for fabricating an
O/W mini-emulsion of d-tocotrienol-rich oil with a saponin-rich
extract from BGR as a biosurfactant were identiﬁed. This system
may be suitable for applications in food and beverage formulations.2. Materials and methods
2.1. Material
Annatto seeds (Bixa orellana L.) of the Piave variety were
obtained from the Agronomic Institute of Campinas, Department
of Agriculture and Supply of the State of São Paulo, Brasil. The cen-
tesimal composition of this annatto was determined by using the
ofﬁcial methods published by the AOAC (1997) for measuring the
moisture, protein, ash and total lipid contents. The carbohydrate
content was determined by difference. The c-, d-, a- and
b-tocotrienol contents were determined according to AOCS
(2004) method Ce 8–89.
The tocotrienol-rich oil used in this study was obtained from
annatto seeds by using supercritical carbon dioxide (99% CO2, Air
Liquide, Campinas, SP, Brazil) as an extracting solvent with pilot
scale equipment (Thar Technologies, model SFE-2  5LF-2-FMC,
Pittsburgh, PA, USA) that was equipped with two 5.15 L extraction
vessels and three 1 L separators displayed in a series. The process
conditions were selected from the ones that were optimized by
Albuquerque and Meireles (2012). The results showed that the
extract with the most concentrated d-tocotrienol and the lowest
bixin content was obtained at 313 K and 20 MPa. The static extrac-
tion time was 20 min. The extraction was performed until the
Fig. 1. Interfacial tension between the oil and aqueous phase, which contains the biosurfactant, as a function of time at both concentrations.
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rate of 100 g min1.
BGR saponins were obtained from Brazilian ginseng (P. glomer-
ata) plants cultivated in the experimental ﬁeld of CPQBA
(Campinas, Brazil) and were collected on November 17, 2008, after
7 years of cultivation and processed in our own lab as described
elsewhere (Santos et al., 2012). The saponin-rich extract was
obtained by using a pressurized liquid extraction system as
described by Debien and Meireles (2014). In brief, the system con-
tains an HPLC pump (Thermoseparation Products, Model
ConstaMetric 3200 P/F, Riviera Beach, FL, USA), a 415 mL extraction
cell containing sintered metal ﬁlters at the upper and lower parts, a
jacket connected to a thermostatic bath, a block valve (Autoclave
engineers, Model 10V2071 15000 psi, Erie, PA, USA) and a heated
micrometering valve (Autoclave engineers, Model
10VRMM11000PSI Erie, PA, USA). The extract was prepared under
conditions that were optimized by Vardanega et al. (2014) as fol-
lows: temperature of 353 K, pressure of 12 MPa, static extraction
time of 10 min, and ﬂow rate of 10 mL min1 over 120 min to
achieve an S/F of 26. Distilled water was the solvent and BGR par-
ticles with a 7.9 lm diameter were used. Water from the extracts
was removed by freeze-drying for 5 days at 60–100 lm Hg and
at 223 K (Liobras, Liotop L101, São Carlos, SP, Brazil). This nonpuri-
ﬁed extract was used as a biosurfactant.
The model O/W emulsion systemwas prepared with soybean oil
and commercial saponin. The saponins were purchased from Sigma
Aldrich Co. (8–25% Sapogenin, Lot BCBG 4489V, St. Louis, MO, USA).
Soybean oil was purchased in a local supermarket. This oil was
selected because the composition of the annatto seed oil was
similar to that of the soybean oil (Menna-Barreto et al., 2008).2.2. Biosurfactant characterization
To estimate the emulsiﬁcation index of the biosurfactants, 2 mL
of soybean oil was added to 2 mL of solution (50 mg of
biosurfactant/1 mL of distilled water) in a graduated tube and vor-
texed at high speed for 2 min. The emulsiﬁcation index (%) was cal-
culated after 24 h by dividing the measured height of the emulsion
layer by the mixture’s total height and multiplying by 100 (Cooper
and Goldenberg, 1987).The determination of the critical micellar concentration (CMC)
for the biosurfactants in aqueous solutions was obtained by using
the surface tension method. A stock solution containing
30 mg mL1 of biosurfactants was prepared in distilled water;
solutions of varying concentrations ranging from 30 to
0.1 mg mL1 were prepared by diluting this stock solution. The sur-
face tension of the working solutions was measured by tensiome-
ter (Teclis, model Tracker S, Longessaigne, Rhone-Alpes, France) at
25 C. The surface tension–concentration plots were used to deter-
mine the CMC, and the coefﬁcients of the adjusted cubic model
were estimated by regression analysis.
2.3. Interfacial tension measurements
The interfacial tension was measured at oil–water interfaces by
using a pendant drop analysis instrument (Teclis, model Tracker S,
Longessaigne, Rhone-Alpes, France). The aqueous phases were pre-
pared by mixing appropriate amounts of water and biosurfactant.
The oil phase was injected into the aqueous phase and the interfa-
cial tension was determined by drop shape analysis after the sys-
tem had time to reach equilibrium. The equilibrium time
required to measure the steady state surface tension was 15 min.
Rising oil drops were formed into a biosurfactant solution.
2.4. Emulsion preparation
Batch emulsiﬁcation processes were conducted through
mechanical agitation (DR) and power ultrasound (US). A rotor–sta-
tor type homogenizer, the Dispax Reactor (DR, Magic Lab, Module
DR-UTL, IKA, Staufen, Baden-Württemberg, Germany) and an ultra-
sonic 13 mm diameter probe (US, UNIQUE, DESRUPTOR, 19 kHz,
800 W, Indaiatuba, SP, Brazil) were used.
Oil-in-water emulsions were prepared by homogenizing a
3 wt.% lipid phase with a 97 wt.% aqueous phase. The aqueous
phase consisted of biosurfactant, and the selected concentration
was obtained according to the CMC analyses. Ultra-pure
(MilliQ) water was used in all experiments. O/W emulsions were
prepared at room temperature and the biosurfactant was ﬁrst dis-
solved in water; oil was then added and energy was supplied over
a controlled period of time. Primary emulsions were obtained with
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10,000 rpm for 2 min. Emulsions were obtained by using an ultra-
sonic probe at 200 and 400W of the nominal applied powers (NAP)
for 5 min continuously. Emulsions were also obtained by using a
rotor–stator type homogenizer at 20,000 rpm and an energy den-
sity equivalent to that of the US. Energy densities (ED) of 200
and 400W for the US emulsiﬁcations were 600 and 1200 J mL1,
respectively, and they were calculated by using Eq. (1) as follows:
ED ðJ ml1Þ ¼ NAP ðWÞ  t ðsÞ
V ðmlÞ ð1Þ
where ED is the energy density, NAP is the nominal applied power, t
is the time and V is the volume.
The DR emulsiﬁcation times were obtained with Eq. (1) by sub-
stituting the calculated energy density values from the US, the
solution volume (V = 100 mL) and the power drawn by the DR at
20,000 rpm, as calculated by using Eq. (2).
NAP ðWÞ ¼ 2  p  T ðN mÞ  n ðrpmÞ
60
ð2Þ
where T is the torque or moment, which was 0.11 N m at
20,000 rpm, and n is the speed. Therefore, the DR processing time
was 8 min 40 s and 4 min 20 s for ED values of 1200 and
600 J mL1, respectively.
2.5. Characterization of emulsions
2.5.1. Droplet size measurement
The droplet sizes were measured by laser light scattering
method in a Mastersizer 2000 with a Hydro 2000S wet dispersion
unit (Malvern Instruments, Worcestershire, England, UK). The
pump speed was set at 1750 rpm. The droplet sizes were measured
1 h after preparing the emulsions. The mean diameter of the dro-
plets was calculated by using Eq. (3) and expressed as the surface
volume or Sauter diameter (D32) as follows:
D32 ¼
P
nid
3
i
P
nid
2
i
ð3Þ
where ni is the number of droplets of diameter di.
To determine the variations in the droplet size distributions, a
term known as the PDI (polydispersity index) was calculated by
using Eq. (4) and expressed as follows:
PDI ¼ ½dðv ;90Þ  dðv ;10Þ
dðv ;50Þ ð4Þ
where d(v,10), d(v,50), and d(v,90) are the diameters at 10%, 50%,
and 90% cumulative volume, respectively.
2.5.2. Zetapotential measurements
The zeta potential of each emulsion was determined by using a
Zeta Potential Analyzer (Malvern Instruments, Nano Z, Malvern,
England, UK) over 12 runs of three cycles each. The emulsions were
diluted 50-fold in MilliQ water prior to the measurements.
Measurements were made in triplicate. The pH of the emulsions
was measured by using a pH meter (Tecnal, model DM20, São
Paulo, SP, Brazil).
2.5.3. Emulsion stability measurement
The emulsions were visually checked for phase separation.
Twenty-ﬁve mL of freshly prepared emulsion was transferred into
25 mL graduated tubes (internal diameter, 16.4 mm; height,
165 mm), sealed with Paraﬁlm, and then stored at 17 C. The
emulsion stability was monitored over seven days. During storage,
emulsion instability was indicated by a complete breakdown into
two phases, with an opaque cream layer at the top. The emulsionstability was monitored by measuring the remaining emulsion
height (RH) and the total emulsion height (TH) in the tube (with
scale error of 104). The emulsion stability was obtained as a per-
centage by using Eq. (5) as follows:
ES ð%Þ ¼ RH
TH
 100 ð5Þ2.5.4. Microscopic examination
The microstructure of selected emulsions was determined by
using an optical microscope (Carl Zeiss, Axio Scope A1, Lower
Saxony, Germany). A drop of each emulsion was placed on a micro-
scope slide, covered by a cover slip, and observed at a magniﬁca-
tion of 1000.
2.5.5. Emulsion rheology measurements
The rheological characteristics and viscosity of selected emul-
sions were determined at 298 K in triplicate by using a rheometer
(TA Instruments, AR 1500ex, New Castle, DE, USA). A
double-walled concentric cylinder geometry (500 lm gap) consist-
ing of an inner rotating acrylic cylinder (inner radius = 17.53 mm,
outer radius = 16.02 mm) and an outer ﬁxed stainless steel cup
(inner radius = 15.10 mm, outer radius = 58 mm) were used for
the measurements.
Flow curves were obtained by using an up-down-up step pro-
gram with a different shear stress range for each sample, in which
the maximum shear rate value was 300 s1. The third ﬂow curve
data were ﬁtted to the Newtonian model (Eq. (6)) as follows:
r ¼ g  _c ð6Þ
where r is the shear stress (Pa), _c is the shear rate (s1) and g is the
viscosity (Pa s).
2.6. Experimental design and statistical analysis
The parameters thought to affect the O/W emulsion were the
emulsiﬁcation method, the type of oil, the energy density, the type
and the biosurfactant concentration. The effects of these opera-
tional and compositional parameters on the droplet size, zeta
potential and emulsion stability were studied. The experiments
were statistically designed and performed according to a 25 full
factorial design that was completely randomized. A general linear
model in MINITAB Statistical Software (Minitab Inc., State College,
PA, USA) was used to conduct an analysis of variance (ANOVA) to
determine the differences between treatment means. Treatment
means were considered signiﬁcantly different at a p-value < 0.05
(95% conﬁdence level). Table 1 presents the randomized experi-
mental design.
3. Results and discussion
The centesimal composition of the annatto seed sample was
10.9 ± 0.2% (w/w) moisture, 5.1 ± 0.1% (w/w) ash, 3.5 ± 0.0%
(w/w) lipids, 8.9 ± 0.2% (w/w) proteins, and 71.6% carbohydrates.
These values are similar to those found in the literature for annatto
seeds (Albuquerque and Meireles, 2012). The amounts of c- and
d-tocotrienols detected in the tocotrienol-rich oil and extracted
from annatto seeds with supercritical CO2 were 1.18 ± 0.05% and
7.83 ± 0.09%, respectively. These amounts were smaller than those
obtained by Albuquerque and Meireles (2012), who generated
1.97 ± 0.04% c-tocotrienols and 14.6 ± 0.4% d-tocotrienols. These
differences in the results were most likely caused by the S/F used
by the authors, which was 10 times higher than that used in this
work. The a- and b-tocotrienols were not observed in the sample.
The emulsiﬁcation index of the BGR saponins was 25% higher
than that of the commercial saponins. The emulsiﬁcation index
Table 2
The droplet size (lm), PDI, emulsion stability (%), zeta potential (mV) and pH for each experiment.
Experiment Droplet size – D32 (lm) PDI Emulsion stability (%) Zeta potential (mV) pH
1 0.82 ± 0.02 2.168 ± 0.004 97.68 ± 0.00 53.2 ± 0.4 5.54 ± 0.00
2 0.607 ± 0.004 2.191 ± 0.006 97.49 ± 0.00 53.5 ± 0.6 5.73 ± 0.04
3 0.59 ± 0.01 2.26 ± 0.03 97.41 ± 0.00 47.3 ± 0.1 5.38 ± 0.02
4 0.52 ± 0.01 1.88 ± 0.01 98.2 ± 0.1 49.9 ± 0.9 5.42 ± 0.01
5 0.59 ± 0.01 2.23 ± 0.02 99.1 ± 0.8 52.1 ± 0.3 5.51 ± 0.00
6 0.75 ± 0.02 2.042 ± 0.002 98.76 ± 0.05 53.3 ± 0.4 5.43 ± 0.01
7 0.710 ± 0.001 2.02 ± 0.02 96.6 ± 0.3 53.8 ± 0.0 5.81 ± 0.02
8 0.456 ± 0.004 2.071 ± 0.002 97.42 ± 0.05 49.3 ± 0.4 5.39 ± 0.01
9 0.458 ± 0.002 2.113 ± 0.006 98.13 ± 0.00 49.1 ± 0.6 5.93 ± 0.04
10 0.70 ± 0.02 2.13 ± 0.03 97.5 ± 0.7 54.0 ± 1.1 5.47 ± 0.04
11 0.44 ± 0.01 2.02 ± 0.01 97.9 ± 0.2 51.9 ± 0.0 5.78 ± 0.02
12 0.543 ± 0.000 2.023 ± 0.008 96.84 ± 0.00 51.4 ± 0.2 5.34 ± 0.01
13 0.790 ± 0.000 2.338 ± 0.001 95.64 ± 0.01 44.7 ± 0.3 5.77 ± 0.01
14 0.775 ± 0.003 2.32 ± 0.08 96.4 ± 0.2 56.7 ± 0.1 5.49 ± 0.01
15 0.35 ± 0.01 1.76 ± 0.03 98.3 ± 0.2 48.7 ± 0.6 5.33 ± 0.02
16 0.64 ± 0.01 2.246 ± 0.002 95.7 ± 0.3 55.5 ± 0.6 5.28 ± 0.01
17 0.400 ± 0.004 1.858 ± 0.001 98.51 ± 0.00 52.6 ± 0.5 5.38 ± 0.01
18 0.404 ± 0.003 2.053 ± 0.006 97.6 ± 0.4 49.3 ± 0.4 5.20 ± 0.01
19 0.440 ± 0.002 2.039 ± 0.002 97.79 ± 0.05 47.6 ± 0.3 5.31 ± 0.01
20 0.45 ± 0.01 2.16 ± 0.02 97.33 ± 0.05 54.1 ± 0.6 5.91 ± 0.01
21 0.562 ± 0.001 2.328 ± 0.007 96.74 ± 0.00 51.1 ± 0.1 5.28 ± 0.02
22 0.82 ± 0.02 2.3 ± 0.1 97.0 ± 0.9 50.6 ± 1.2 5.25 ± 0.07
23 0.831 ± 0.002 2.086 ± 0.008 98.9 ± 0.9 41.6 ± 0.1 5.40 ± 0.01
24 0.67 ± 0.01 2.34 ± 0.01 96.19 ± 0.00 41.5 ± 0.2 5.38 ± 0.01
25 0.733 ± 0.001 2.117 ± 0.006 96.84 ± 0.00 39.1 ± 0.4 5.76 ± 0.01
26 0.613 ± 0.001 2.202 ± 0.001 97.1 ± 0.2 35.7 ± 0.6 5.52 ± 0.02
27 0.50 ± 0.01 2.179 ± 0.008 97.95 ± 0.01 38.6 ± 0.1 5.2 ± 0.1
28 0.368 ± 0.000 1.919 ± 0.005 98.70 ± 0.00 35.6 ± 0.4 5.35 ± 0.01
29 0.68 ± 0.01 2.43 ± 0.01 96.66 ± 0.01 43.7 ± 0.2 5.38 ± 0.00
30 0.54 ± 0.01 2.218 ± 0.006 97.77 ± 0.00 50.7 ± 0.5 5.42 ± 0.08
31 0.484 ± 0.003 2.179 ± 0.001 97.6 ± 0.2 47.4 ± 0.4 5.34 ± 0.03
32 0.578 ± 0.002 2.228 ± 0.004 98.70 ± 0.00 51.0 ± 0.4 5.40 ± 0.02
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saponins, respectively. This ﬁnding indicates that the
BGR-extracted saponins might be an attractive biosurfactant choice
for emulsion formulations. Better results may be achieved by using
puriﬁed BGR saponins.
3.1. Critical micellar concentration
The presence of an amphiphilic molecule in aqueous solution
decreases the surface tension signiﬁcantly because the surfactant
concentration increases until micelles form (Xiong et al., 2008).
The CMC of the biosurfactant aqueous solution was estimated to
be 1.5 mg mL1 for the commercial saponins and 12.1 mg mL1
for the BGR saponins, which were based on the ﬁrst derivative ofTable 3
An analysis of variance (ANOVA) for the studied variables on the emulsion droplet size.
Variation source Degrees of freedom
Process 1
Oil 1
Biosurfactant 1
Biosurfactant concentration 1
Energy density 1
Process ⁄ oil 1
Process ⁄ biosurfactant 1
Process ⁄ biosurfactant concentration 1
Process ⁄ energy density 1
Oil ⁄ biosurfactant 1
Oil ⁄ biosurfactant concentration 1
Oil ⁄ energy density 1
Biosurfactant ⁄ biosurfactant concentration 1
Biosurfactant ⁄ energy density 1
Biosurfactant concentration ⁄ energy density 1
Error 16
Total 31the cubic equation when setting, dSTF=dCON ¼ 0 where STF is
the surface tension of the solution and CON is the biosurfactant
concentration. The CMCs obtained in this experiment were far
higher than the 0.75 mg mL1 reported by Skurtys and Aguilera
(2009) for Quillaja saponin. It is notable that these saponins are
extracted from the bark of the Quillaja saponaria Molina tree that
is native to the semi-arid zones of Chile.
Above and at the CMC, saponin biosurfactants begin to form
aggregated structures such as micelles, which are composed of a
monolayer of saponin molecules in which the anionic, hydrophilic
head groups are oriented towards the surrounding aqueous solution
and the nonpolar tails are oriented towards the hydrophobic center
of the micelle (Chen et al., 2008). To the best of our knowledge, the
CMCs have not been previously measured in extract obtained fromSquare sum Means square F p-Value
0.098402 0.098402 32.60 0.000
0.195860 0.195860 64.89 0.000
0.134486 0.134486 44.56 0.000
0.012780 0.012780 4.23 0.056
0.017414 0.017414 5.77 0.029
0.012383 0.012383 4.10 0.060
0.011877 0.011877 3.94 0.065
0.003518 0.003518 1.17 0.296
0.007095 0.007095 2.35 0.145
0.000071 0.000071 0.02 0.880
0.000671 0.000671 0.22 0.644
0.000012 0.000012 0.00 0.951
0.000708 0.000708 0.23 0.635
0.089200 0.089200 29.55 0.000
0.001018 0.001018 0.34 0.569
0.048293 0.003018
0.633787
Fig. 2. A primary effects plot of the statistically signiﬁcant variables on the emulsion droplet size.
Fig. 3. The overall appearance of o/w mini-emulsions. From left to right: Experiments 5, 15, 23 and 28. Exp. 5: Soybean oil and 1.5% commercial saponins under US at
600 J mL1. Exp 15: Annatto oil and 1.5% BGR saponins under US at 1200 J mL1. Exp 23: Soybean oil and 3.0% commercial saponins under DR at 600 J mL1. Exp 28: Annatto
oil and 3.0% BGR saponins under DR at 1200 J mL1.
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Fig. 4. The droplet size distribution of the selected emulsions. Exp. 5: Soybean oil
and 1.5% commercial saponins under US at 600 J mL1. Exp 15: Annatto oil and 1.5%
BGR saponins under US at 1200 J mL1. Exp 23: Soybean oil and 3.0% commercial
saponins under DR at 600 J mL1. Exp 28: Annatto oil and 3.0% BGR saponins under
DR at 1200 J mL1.
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concentrations were 1.5% and 3.0%, w/w, which was above the
CMC, for micelle formation. Therefore, biosurfactant-to-oil mass
ratios of 1:1 and 1:2 were used in this work.
3.2. Interfacial tension
Oil and water do not mix because of the high interfacial tension
between these two phases. Surfactants are added to reduce inter-
facial tension and allow dispersed media to be created easily.
Additionally, surfactants create an energy barrier between the oil
droplets, which prevent the droplets from coalescing. According
to the theory of interfacial tension, the molecules of one of the
phases adsorb at the interface between the two liquids.
Therefore, the lower the interfacial tension, the greater the adsorp-
tion of surfactant at the interface (Abismaıl et al., 1999; Spinelli
et al., 2010; Stamkulov et al., 2009).
The interfacial tension between annatto oil and water was
approximately 13.4 ± 0.4 mNm1 and 18.0 ± 0.1 mNm1 between
soybean oil and water. Fig. 1 shows the interfacial tension of the
oil–water-biosurfactant systems as a function of time at both studyTable 4
An analysis of variance (ANOVA) for the studied variables on the emulsion stability (%).
Variation source Degrees of freedom
Process 1
Oil 1
Biosurfactant 1
Biosurfactant concentration 1
Energy density 1
Process ⁄ oil 1
Process ⁄ biosurfactant 1
Process ⁄ biosurfactant concentration 1
Process ⁄ energy density 1
Oil ⁄ biosurfactant 1
Oil ⁄ biosurfactant concentration 1
Oil ⁄ energy density 1
Biosurfactant ⁄ biosurfactant concentration 1
Biosurfactant ⁄ energy density 1
Biosurfactant concentration ⁄ energy density 1
Error 16
Total 31concentrations. These results demonstrate the ability of both bio-
surfactants to lower the interfacial tension of the systems, conﬁrm-
ing their surface activity. The commercial saponin biosurfactant
causes lower interfacial tension at the oil/water interface than
the BGR saponin. For Quillaja saponin and Tween 80 surfactants,
Yang et al. (2013) observed that the interfacial tension decreased
appreciably with increasing surfactant concentrations, indicating
that the surfactants adsorbed in the oil–water interface, reaching
approximately 5 mNm1 at interfacial saturation.
Fig. 1 shows that the interfacial tension between the biosurfac-
tant solution and oil is reduced slightly with the increased biosur-
factant concentration. This ﬁnding would indicate that the
emulsion is close to interfacial saturation with the biosurfactants
at these two concentrations. A very low interfacial tension value
(1 mNm1) was obtained between annatto oil and the commer-
cial biosurfactant solution. This decrease in interfacial tension was
associated with the low viscosity and the density difference
between the phases and made drop detachment easier.3.3. Emulsion droplet size
Depending on the mean droplet size of the dispersed phase,
emulsions are generally classiﬁed into nano (0.01–0.1 lm), mini
(0.1–1 lm) and macroemulsions (0.5–100 lm) (Windhab et al.,
2005). Microemulsions are composed by swollen micelles (0.05–
0.1 lm) with a translucent appearance, produced by
self-assembly of the surfactant molecules and do not require
energy for formation (low-energy process) (Santana et al., 2013).
The fundamental difference between micro and nanoemulsions
systems is given in terms of their thermodynamic stabilities;
nanoemulsions are thermodynamically unstable, whereas
microemulsions are thermodynamically stable (Mason et al.,
2006; McClements, 2012). Because of the characteristic size of
nanoemulsions, they appear transparent or translucent to the
naked eye and possess stability against sedimentation or creaming
(Solans et al., 2005). However, both mini and macroemulsions,
which are also thermodynamically unstable, tend to drop
re-coalescence and phase separation (Windhab et al., 2005). Only
miniemulsions were obtained in this work; their droplet sizes ran-
ged from 0.35 ± 0.01 to 0.831 ± 0.002 lm, depending on the opera-
tional conditions. Table 2 presents the droplet size and the PDI of
each prepared emulsion. The PDI values were used to express the
degree of size distribution and polydispersity. The high PDI value
of the emulsion implies a wide size distribution and a high polydis-
persity. The PDI values, shown in Table 2, are around 2, whichSquare sum Means square F p-Value
32.786 327.858 5.57 0.031
0.0990 0.09898 0.17 0.687
0.2510 0.25097 0.43 0.523
0.0530 0.05297 0.09 0.768
0.2589 0.25892 0.44 0.517
0.3837 0.38373 0.65 0.431
0.4408 0.44080 0.75 0.400
0.0000 0.00001 0.00 0.997
10.110 101.099 1.72 0.209
87.800 877.995 14.91 0.001
0.0269 0.02693 0.05 0.833
0.0561 0.05609 0.10 0.762
0.2331 0.23314 0.40 0.538
11.441 114.413 1.94 0.182
0.0358 0.03584 0.06 0.808
94.247 0.58904
254.767
Fig. 5. A primary and an interaction effect plot of the statistically signiﬁcant variable on the emulsion stability (%) after 4 days at 17 C.
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Schwartzbach, 2004).
From the analysis of variance (ANOVA) of the variables studied
for the response variable emulsion droplet size (Table 3), it can be
observed that the process, oil, biosurfactant, ED and the interaction
between the biosurfactant and the ED had a signiﬁcant inﬂuence
on the emulsion droplet size with a 95% conﬁdence level.
Fig. 2 shows the mean values of the emulsion droplet size as a
function of the statistically signiﬁcant variables, which were the
process, oil, biosurfactant and ED. The purpose of our initial exper-
iments was to determine the minimum droplet size that could be
produced under homogenization conditions. There is a desire toFig. 6. Photomicrographs of the selected emulsions. Exp. 5: Soybean oil and 1.5% comm
under US at 1200 J mL1. Exp 23: Soybean oil and 3.0% commercial saponins under DR adecrease the droplet size to maximize the positive attributes in a
product (Henry et al., 2009). After 1 h, the droplet sizes were some-
what different for the selected biosurfactants. BGR saponins gave
the smallest droplet size. Differences in the effectiveness of the
studied biosurfactants may be explained by the speed at which
they adsorb to the oil–water interface, their ability to reduce the
oil–water interface tension and their effectiveness at generating
repulsive interactions between droplets (Jafari et al., 2008). It
should be stressed that the commercial and BGR biosurfactants
are actually compositionally complex mixtures. In comparison
with this work, smaller droplets were achieved by Yang et al.
(2013) by using Tween 80 (0.12 lm) and Quillaja saponinercial saponins under US at 600 J mL1. Exp 15: Annatto oil and 1.5% BGR saponins
t 600 J mL1. Exp 28: Annatto oil and 3.0% BGR saponins under DR at 1200 J mL1.
Table 5
Rheological parameters obtained from the Newtonian model for the selected
emulsions (25 C).
Experiment g (mPa s)* R2
5 1.60 ± 0.05a 0.924
15 1.285 ± 0.003b 0.984
23 1.412 ± 0.004c 0.960
28 1.348 ± 0.001bc 0.983
* Values with the same letter are not signiﬁcantly different.
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with Quillaja saponin were not as small as those produced by using
Tween 80 under similar conditions, and thus the authors con-
cluded that Quillaja saponin was capable of forming relatively
small droplets. Some investigators believe that microﬂuidization
is superior to other emulsiﬁcation devices. Jafari et al. (2007)
observed that the emulsion droplet size is in the order
microﬂuidizer < US < IKA mixer, which is consistent with the
results of the present work.
Henry et al. (2009) suggest that the homogenization process is
the primary factor that determines the droplet size. At present,
emulsions are typically prepared in the food industry by using high
intensity methods (Rao and McClements, 2011). The inﬂuence of
the homogenization process on the emulsion droplet size was
observed. The US process yielded a smaller droplet size than the
DR process at the same ED. This ﬁnding is expected because US
causes more efﬁcient droplet disruption (cavitation along with
shear and inertia forces). However, the DR was a more efﬁcient tool
for dispersing the emulsion particles than the US. Although a
pre-emulsion was prepared for all the processes, DR is able to pro-
duce emulsions directly from the two separate phases, but it is
always necessary to produce a pre-emulsion before the process
when using US.
The amount of shear increasedwith the ED at the studied ED val-
ues, and then the emulsion droplet size decreased with increasing
shear. Conventionally, this ﬁnding is expected.However, some stud-
ies have demonstrated an effect described as ‘‘over-processing’’, in
which the droplet size increases at higher power levels (Kentish
et al., 2008). This effect, which is caused by re-coalescence, was
observed when using commercial saponins.
The minimum droplet size that could be produced was obtained
by using annatto oil and 1.5% BGR saponins under US at
1200 J mL1, which corresponds to experiment 15. Experiment
28, which was prepared with annatto oil and 3.0% BGR saponins
under DR at 1200 J mL1, also presented a smaller emulsion dro-
plet size. Both experiments were selected for microscopic exami-
nation and rheological behavior analysis.3.4. Emulsion stability
The emulsion stability (ES) was investigated visually. All sam-
ples were opaque (Fig. 3) and exhibited phase separation after
being stored overnight. A reversible phenomenon involving droplet
aggregation and migration was observed, followed by creaming,
because the density of the dispersed phase (oil) was lower than
that of the continuous phase (water) (Abismaıl et al., 1999).
Fungal growth was observed in some emulsions containing soy-
bean oil on the 5th day. Therefore, the ES was determined on the
4th day. The ES (%) values of each experiment are shown in
Table 2, ranging from 95.6% to 99.1%, showing that the emulsions
are rather stable (stored at 17 C), with some creaming. As
observed in Fig. 4, the size distribution of the emulsion droplets
is bimodal. The shape of the distribution curve was found to be
similar at both biosurfactant concentrations. According toDickinson et al. (2003), a bimodal droplet-size distribution was
accepted an indicator of non-reversible ﬂocculation. The size distri-
bution behavior of the emulsions showed that the use of BGR sapo-
nins produced narrower size distributions (less PDI) than the use of
commercial saponins (Table 2).
The ANOVA (Table 4) showed that only the emulsiﬁcation pro-
cess signiﬁcantly affected the ES values. US makes emulsions more
stable (Fig. 5). The mechanical vibration and acoustic cavitation
from US are responsible for mixing two immiscible phases and
leading to emulsion formation, and the shear forces generated by
the US are responsible for a decreased emulsion droplet size that
results in the stability of the emulsions (Shanmugam and
Ashokkumar, 2014). Abismaıl et al. (1999) also observed a much
higher stability of US-made emulsions than those prepared with
an Ultra-Turrax. In another work, Shanmugam and Ashokkumar
(2014) found similar results with respect to emulsion stability.
They concluded that the Ultra-Turrax did not produce stable emul-
sions until after 20 min of processing, suggesting the superiority of
the US emulsiﬁcation process at a similar energy density.
The interaction effects between the oil and the biosurfactant
type are presented in Fig. 5. As mentioned, the emulsions exhibited
evidence of creaming, with an opaque cream layer at the top and a
slightly turbid serum layer at the bottom. For the commercial sapo-
nins, the emulsions containing soybean oil were more stable.
However, BGR saponins allowed for better stability with annatto
oil. During the emulsiﬁcation process, the commercial saponins
provided easier oil incorporation than the BGR saponins, which
led to oil loss during the process. The better ES obtained for
annatto oil could be caused by the lower amount of incorporated
oil, contributing to a smaller phase separation.
The emulsion stability can also be evaluated by the zeta poten-
tial. According to the ANOVA, there was no signiﬁcant inﬂuence on
the zeta potential at a 95% conﬁdence level. A high zeta potential
(positive or negative) will confer resistance to aggregation; how-
ever, when it is low, the attraction exceeds the repulsion and the
dispersion will break and ﬂocculate (Silva et al., 2012). At pH val-
ues between approximately 5.2 and 5.9, the zeta potential of the
emulsions ranged from 56.7 to 35.6 mV. These values are
strongly negative, which resulted in droplet-to-droplet repulsion
and minimized the ﬂocculation of the oil droplets. Salvia-Trujillo
et al. (2013) studied the effects of the US parameters on the elec-
trical charge of the lemongrass oil droplet surface, and they stated
that the zeta potential of oil drops ranged between 46 ± 3 and
56 ± 6 mV when the sonication time was extended up to 3 min.
In this study, the most stable emulsions were generated during
experiments 5 and 23, both of which employed soybean oil and
commercial saponins at an ED of 600 J mL1, which were also
selected for microscopic examination and rheological behavior.
Fig. 6 shows the micrographs of the selected emulsions. The micro-
graphs are consistent with the results obtained for the size
measurement.
3.5. Rheological behavior
Oil-in-water emulsions prepared from dilute surfactant solu-
tions generally behave as Newtonian ﬂuids at low values of the
dispersed-phase (oil) volume fraction (Pal, 1992). The ﬂow curves
of the selected emulsions were ﬁtted to the Newtonian model.
The rheological parameters of the selected experiments are pre-
sented in Table 5. These results show that all the emulsions pre-
sented Newtonian ﬂow behavior and a viscosity similar to that of
water. Because of the low viscosities, an anomalous ﬂow behavior
was observed at shear rates above 200 s1. At high shear rates, the
systems were not performed in the laminar ﬂow region, which is
the necessary condition for rheological assays. Therefore, the ﬂow
curves of the emulsions were ﬁtted to the Newtonian model by
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that the concentration of added non-ionic surfactant (Tween 20)
affects the emulsion rheology. The authors observed that adding
a moderately low level of Tween 20 causes the emulsion to become
essentially Newtonian, with a very low viscosity. With further
increases in the Tween 20 concentrations, the emulsion became
destabilized as a result of surfactant-induced depletion ﬂoccula-
tion, leading to an increase of almost three orders of magnitude
in the low-stress viscosity and the onset of substantial
shear-thinning behavior.4. Conclusions
We have performed a detailed study of the O/W miniemulsion
preparation containing d-tocotrienol-rich oil and a natural
food-grade biosurfactant, namely the BGR saponins. The ﬁndings
of our study clearly showed that the emulsiﬁcation method inﬂu-
enced and determined the ﬁnal properties of the mini-emulsions.
Although US produced more stable and smaller emulsion droplet
sizes when compared with the DR, the energy density is a param-
eter that must be considered. Overall, the miniemulsion prepared
with d-tocotrienol-rich oil and BGR saponins presented the small-
est droplet size, in which enhanced the stability of these emul-
sions. Our results showed that BGR saponin might be an
attractive biosurfactant choice for emulsion formulations. An
extension of this work would require the evaluation of other fac-
tors for successful applications in the food and beverage industry,
such as the taste proﬁle, potential toxicity, reliability of supply, and
cost.
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